Introduction
============

Electroporation is a safe and efficient method of molecule delivery into cells and tissues. The application of an external electric field drastically increases plasma membrane permeability to nonpermeant molecules such as hydrophilic compounds and plasmid DNA. This method is currently used in clinics, where it is termed electrochemotherapy, for local delivery of antitumor drugs including bleomycin and cisplatin, which are given direct access to the cytosol.^[@bib1],[@bib2],[@bib3]^ *In vivo* electroporation is also a promising method of gene delivery that can be used for cancer gene therapy and DNA vaccination.^[@bib4],[@bib5],[@bib6],[@bib7],[@bib8]^

The physicochemical structures driving the permeability of plasma membranes after electroporation are thought to result from the reorganization of lipids into pores. Although these membrane defects are predicted to be stable for several minutes and to be large enough to allow DNA passage,^[@bib9]^ DNA instead accumulates at the membrane and remains stationary for \~10 minutes.^[@bib10]^ DNA forms clusters of 100--500 nm in diameter that are inserted into the membrane, where they are immobile and rapidly protected against degradation from extracellular nucleases. This observation suggests that DNA might be enclosed in membranous structures.^[@bib11]^

DNA internalization occurs after membrane resealing and involves the passage of large DNA aggregates. One possible scenario is that an endocytosis-like process takes place, as is the case for many viral or chemical vectors. The shape, lifetime, size, stability, and resistance to degradation of DNA complexes at the membrane are consistent with its engulfment into vesicles. Electroporation-induced endocytosis has been hypothesized for the delivery of proteins.^[@bib12],[@bib13],[@bib14],[@bib15]^ The possibility that endocytosis participates in DNA electrotransfer has started to emerge,^[@bib16],[@bib17],[@bib18],[@bib19],[@bib20]^ but the generality of this mechanism for DNA translocation across membranes is not yet a standard concept in the literature.

Once inside the cytoplasm, DNA clusters observed at the membrane retain a patch-like appearance until their arrival at the vicinity of the nucleus.^[@bib10],[@bib21]^ We have shown, via single particle tracking experiments (SPT), that DNA aggregates are actively transported by the actin and the microtubule networks.^[@bib21]^ The motion of DNA in the cytoplasm is similar to that described for endosomes: DNA aggregates have phases of long-range and bidirectional transport interrupted by phases of diffusion. DNA kinetics were also found to be similar to those of endosomes. However, single-particle tracking experiments alone do not shed light onto the question whether the aggregates are transported inside vesicles or as naked DNA (interacting with adapter proteins).

The work presented here aims to unravel the different endocytic pathways and the subsequent intracellular trafficking of electrotransferred DNA. Most current methods for studying internalization of particles involve either exclusion of specific endocytic mechanisms, using inhibitors of endocytosis and mutant cell lines, or colocalization of particles with endocytic markers. The main limitation of these methods is that neither chemical inhibitors nor endocytic markers are completely specific. Indeed, inhibitors can disturb multiple endocytic pathways, and markers can utilize several different endocytic mechanisms. A more comprehensive tactic, which we also employed here, utilizes cells transfected with constructs containing GFP-fusion to proteins that reside in specific endocytic vesicles or intracellular organelles. In a first set of experiments, we measured the effect of different endocytic inhibitors on gene expression in Chinese Hamster Ovary (CHO) cells using flow cytometry. To better discriminate the various endocytic pathways contributing to DNA internalization, two to three inhibitors per pathway were chosen and several concentrations tested. Secondly, static colocalization analyses were conducted in living CHO cells to quantitatively determine the proportion of DNA aggregates colocalizing with three endocytosis markers (transferrin (Tf), cholera toxin B (CTB), and 70-kDa dextran). Finally, we performed correlation analyses between DNA and several endosomal membrane markers (Rab5, Rab9, Rab11, and Lamp1 tagged with enhanced green fluorescent protein (EGFP)). Dual-color single-particle tracking was performed to monitor the dynamics of endocytosis and to quantify the correlation of DNA trajectories with those of specific trafficking markers.

Results
=======

Endocytosis of electrotransferred DNA leads to gene expression
--------------------------------------------------------------

In order to evaluate whether endocytosis is an important process leading to the internalization of DNA after electroporation, we performed EGFP reporter gene expression in CHO cells that were treated with different endocytic inhibitors. Both the percentage of fluorescent cells (*i.e.*, transfection efficiency) and their mean fluorescence intensity (*i.e.*, the transfection level) were measured using flow cytometry. Since the pathway specificity of the inhibitors is only partial, two drugs per main pathway were used and three to four concentrations were tested.

We assessed seven endocytosis inhibitors in total: Wortmannin (Wort) and ethyl-isopropyl-amiloride (EIPA) affect macropinocytosis,^[@bib22]^ chlorpromazine (CPZ) and monodansylcadaverine (MDC) are inhibitors of the clathrin-mediated pathway, and filipin (Fil) and genistein (Gen) inhibit caveolin/raft-mediated endocytosis. Methyl-beta-cyclodextrin (MβCD), which primarily disrupts caveolin/raft-mediated endocytosis via cholesterol depletion, can also interfere with macropinocytosis and clathrin-mediated endocytosis. All measurements were normalized to control cells (transfected but untreated) in which the population percentage of reporter expression was 37%, and the mean fluorescence intensity was 2,415 AU. Each endocytic inhibitor reduced both the transfection efficiency and level (**[Figure 1](#fig1){ref-type="fig"}**) with good correlation between drug concentration and inhibition of the reporter expression. In detail, the following results were obtained.

Highly significant declines in gene expression were measured for any drug concentration of MβCD: relative to control cells, fewer than half of treated cells expressed the EGFP reporter protein (37% at 5 µmol/l MβCD, **[Figure 1a](#fig1){ref-type="fig"}**), and among those, the transfection level fell to 50% (**[Figure 1b](#fig1){ref-type="fig"}**). From these results, we infer that the higher the degree of cholesterol depletion, the more severe the decreases in transfection efficiency and subsequent expression of internalized DNA.

After Wort treatment, we observed a strongly dose-dependent and a highly significant reduction in the percentage of cells expressing EGFP (from 85 to 65% of the control, **[Figure 1a](#fig1){ref-type="fig"}**). The two lowest Wort concentrations did not significantly alter transfection level, while the two highest tested concentrations efficiently diminished DNA expression (85 and 65% relative to control cells, respectively, **[Figure 1b](#fig1){ref-type="fig"}**). The percentage of EGFP-positive cells was greatly decreased by any drug concentration of EIPA, giving between 65 and 70% of the control expression (**[Figure 1a](#fig1){ref-type="fig"}**). EIPA treatment\'s effect on the quantity of EGFP expressed was less obvious and amounted to 85--90% of the control (**[Figure 1b](#fig1){ref-type="fig"}**), with only one difference found to be statistically significant.

CPZ-induced decrease in gene expression was highly significant and proportional to the amount of drug added in the medium. For the higher concentrations, only 60% of the cells were found to express EGFP (**[Figure 1a](#fig1){ref-type="fig"}**) and among them, the expression level reached only 55--80% of the control cells (**[Figure 1b](#fig1){ref-type="fig"}**). The largest concentrations of MDC reduced the percentage of EGFP-positive cells to 70% (**[Figure 1a](#fig1){ref-type="fig"}**) and the average fluorescence intensity to 80% relative to the control population (**[Figure 1b](#fig1){ref-type="fig"}**).

The least inhibitory drug was Fil for which most tested concentrations induced changes in gene expression that were not statistically significant. However, the highest concentration of Fil lowered the transfection efficiency and level to 80 and 70%, respectively. Treatment with Gen was very effective in reducing the percentage of cells exhibiting EGFP signal (40--60% of the control cells, **[Figure 1a](#fig1){ref-type="fig"}**), with a strong dependence on the drug concentration. Among these cells, the amount of expressed EGFP ranged from unchanged to 60% relative to the control (**[Figure 1b](#fig1){ref-type="fig"}**).

Electrotransferred DNA colocalizes with endocytic markers
---------------------------------------------------------

As a second independent test for the involvement of endocytosis in DNA electrotransfer, we performed colocalization experiments between DNA and three endocytic markers. We used labeled Tf to assess clathrin-mediated endocytosis, CTB to evaluate caveolin/raft-mediated endocytosis, and 70-kDa dextran to highlight fluid-phase endocytosis, which includes macropinocytosis and any endocytic process that engulfs large amounts of extracellular medium (*e.g*., glycophosphatidylinositol (GPI)-enriched endocytic compartments (GEECs)). Images were sequentially recorded using a wide-field microscope with single-molecule sensitivity.^[@bib21]^ For the quantification, we used an object-based method^[@bib23],[@bib24]^ in which colocalization is defined by a spatial overlap between an object of the first channel and the center position of an object of the second channel. Our results indicated that DNA partially colocalized with all endocytic markers (**[Figures 2](#fig2){ref-type="fig"}** and **[3](#fig3){ref-type="fig"}**). Clathrin-mediated endocytosis was implicated in DNA uptake as DNA colocalized with Tf at 25 ± 6% (**[Figures 2a](#fig2){ref-type="fig"}** and **[3](#fig3){ref-type="fig"}**). CTB and DNA colocalized at 48 ± 8%, which indicates entry via raft-mediated pathways that can include caveolae or noncaveolae (**[Figures 2b](#fig2){ref-type="fig"}** and **[3](#fig3){ref-type="fig"}**). 70-kDa dextran also colocalized with DNA, at a rate of 30 ± 4%, which can be interpreted as a contribution of macropinocytosis and GPI-enriched endocytic compartments to DNA internalization (**[Figures 2c](#fig2){ref-type="fig"}** and **[3](#fig3){ref-type="fig"}**). The size of dextran was selected to ensure that its entry mainly occurred through large endosomes. Under our conditions, 70-kDa dextran only weakly colocalized with Tf- or CTB-labeled structures (**Supplementary Figure S1**).

Electrotransferred DNA colocalizes with endosomal markers
---------------------------------------------------------

In a third line of experiments, we performed a correlation analysis between the motion of different endosomal markers and DNA aggregates. The bases for these experiments are videos of labeled DNA and the respective endosomal marker events, which were recorded at nearly the same time. Correlated movement of DNA and an endosomal marker is a strong indication for DNA transport in a specific class of cellular vesicles.^[@bib25]^ Thus, in contrast to methods primarily used in the literature to date, these experiments make it possible to address the question whether DNA remains enclosed within endocytic vesicles while trafficking in the cytoplasm.

CHO cells were separately transfected with plasmids encoding the EGFP-tagged proteins Rab5, Rab9, Rab11, and Lamp1, which are known respectively to identify early endosomes, late endosomes, recycling endosomes, and lysosomes.^[@bib26]^ The fluorescent signals of both channels were sequentially recorded as time series with a temporal delay of 200 ms between acquisitions for each channel. From the videos, trajectories of the fluorescent particles were generated, and the correlation between the trajectories was calculated using an established algorithm.^[@bib25]^ When the spatiotemporal correlation between all consecutive steps of the trajectories exceeded a certain threshold value, the motion of the corresponding objects was considered to be correlated (**[Figure 4a](#fig4){ref-type="fig"}**).

As noted above, correlation of movement is a potent indicator for localization of DNA and an endosomal marker in the same vesicle. However, intracellular motion of vesicles involves not only continuous directional movement but also periods of diffusive motion.^[@bib21]^ During the latter, vesicles move very little and appear nearly immobile (**[Figure 4b](#fig4){ref-type="fig"}**), which does not permit correlation analysis to be carried out. Instead, we performed a static object-based colocalization analysis for these trajectories. The mean position of the trajectories in both channels was calculated, and when the distance between these mean positions was below the optical resolution, trajectories were qualified as colocalized. As a result, the analysis yielded a percentage of correlated objects, *i.e.*, objects which undergo correlated motion, and of colocalized objects, *i.e.*, quasi-immobile structures which colocalize.

Microscopy data show that DNA partially colocalized with all endosomal markers (Rab5, Rab11, Rab9, and Lamp1) (**[Figure 5](#fig5){ref-type="fig"}**). In order to properly represent the total amount of DNA residing in the vesicles, each bar of the histogram depicted in **[Figure 6](#fig6){ref-type="fig"}** summarizes the percentage obtained for both the correlated and colocalized trajectories. For the three Rab proteins, acquisitions were started \~15 minutes after DNA electrotransfer and were performed for up to 1.5 hours. DNA correlation and colocalization with Rab5 were the highest with 38 ± 4% and 32 ± 2%, respectively (**[Figures 5a](#fig5){ref-type="fig"}** and **[6](#fig6){ref-type="fig"}**). In Rab11-expressing cells, DNA correlated with this endosomal marker at 33 ± 5%, and colocalized at 17 ± 3% (**[Figures 5b](#fig5){ref-type="fig"}** and **[6](#fig6){ref-type="fig"}**). Between trajectories of Rab9-containing structures and DNA, we found a correlation of 21 ± 5% and a colocalization of 11 ± 4% (**[Figures 5c](#fig5){ref-type="fig"}** and **[6](#fig6){ref-type="fig"}**). For the Lamp1 experiments, acquisitions were started \~1 hour after DNA electrotransfer and were performed for up to 1 hour. Correlation of DNA with Lamp1-marked membranes was calculated to be 41 ± 6% and colocalization to be 19 ± 4% (**[Figures 5d](#fig5){ref-type="fig"}** and **[6](#fig6){ref-type="fig"}**).

Discussion
==========

DNA electrotransfer is an easy and efficient method of gene delivery and an attractive alternative to virus-based methods for clinical applications such as gene therapy and DNA vaccination. Nonetheless, the processes leading to internalization of DNA and its fate inside cells are poorly understood. Endocytosis has received little consideration as a possible mechanism by which DNA could cross the plasma membrane. This was due to the absence of known cellular receptors for DNA, and because electric fields were shown to permeabilize plasma membranes, presumably by creating pores large enough to allow direct access to the cytoplasm. Electropermeabilization of the plasma membrane remains a crucial step for gene delivery, but internalization of DNA via electropores is not easy to envision as, unlike small molecules, DNA forms distinct, stable, and large clusters at the cell membrane prior to its passage into the cytoplasm. The objectives of this work were twofold. We first sought to establish that endocytosis is important for DNA electrotransfer and to quantify different endocytic pathways\' contributions to DNA internalization. This information is central not only for our basic knowledge of DNA passage across plasma membranes but also for optimizing gene delivery using electrotransfer methods. Secondly, we aimed to quantify the pattern with which engulfed DNA travels through cytoplasmic trafficking organelles. Knowledge of the DNA distribution among endosomal compartments provides critical insights into the transfection efficiency achievable with DNA electrotransfer, as it indicates the relative quantities of DNA that can potentially reach the nucleus or be lost in degradation pathways.

Clathrin-mediated endocytosis of DNA
------------------------------------

Clathrin-mediated endocytosis is perhaps least suspected to participate in DNA electrotransfer, since DNA has no known receptors on cell membranes. Nevertheless, our work here shows that it is partly involved in DNA internalization after electroporation. The percentage of cells expressing transfected DNA and their mean expression level were significantly decreased by treatment with both CPZ and MDC, the latter of which appears to be a relatively specific blocker of clathrin-mediated internalization.^[@bib22]^ All but the lowest tested MDC concentration led to identical inhibition of the transfection efficiency, which suggests that blockage of the pathway was complete, and that clathrin-mediated endocytosis represents \~30% of the internalization routes taken by electrotransferred DNA. CPZ inhibits clathrin-mediated endocytosis of various plasma membrane proteins, and there is no evidence in the literature that CPZ affects caveolin/raft-mediated endocytosis.^[@bib27],[@bib28],[@bib29]^ This drug may, however, interfere with the biogenesis of large vesicles such as macropinosomes,^[@bib22]^ which could explain the observed difference in expression efficiencies between cells treated with CPZ in comparison with MDC.

Earlier studies revealed that MβCD treatment almost completely eliminates endocytosis of Tf, EGF, and lipoplexes by inhibiting the invagination of clathrin-coated pits.^[@bib30],[@bib31],[@bib32]^ However, these results were observed at very high MβCD concentrations (mmol/l range). We have used comparatively low MβCD concentrations (1--5 µmol/l) which likely contributed to a more moderate inhibition of the clathrin-mediated pathway. Our analysis of colocalization between DNA and the endocytosis marker Tf also supports the conclusion that electrotransferred DNA is internalized via the clathrin-mediated endocytosis. Quantification established a 25% colocalization which is in good agreement with the results obtained in our drug treatment and gene expression experiments.

Our results are further supported by complementary evidence from the literature^[@bib17],[@bib18]^ including our previous findings that actin undergoes bursts of polymerization where DNA--membrane interactions occur, and that drug-mediated disruption of the actin network diminishes DNA interaction with the membrane and reporter expression.^[@bib19],[@bib21]^ Furthermore, Wu and Yuan^[@bib17]^ report a drastic reduction of DNA expression after incubation with dynasore, an inhibitor of dynamin. Dynamin and the actin network are both crucial for numerous endocytic pathways including clathrin-mediated endocytosis.^[@bib33]^

Caveolin/raft-mediated endocytosis of DNA
-----------------------------------------

Caveolin- and raft-mediated endocytosis represent a large subset of pathways that share common features among which is a strict requirement for cholesterol.^[@bib34]^ This makes it very difficult to define good tools for the investigation of their independent contributions to endocytosis. Cholesterol-sensitive internalization of lipid rafts can be classified into three major pathways including dynamin-dependent endocytosis of caveolae or noncaveolar vesicular carriers (IL-2), dynamin-independent endocytosis via noncaveolar tubular intermediates (GEECs), and dynamin-independent endocytosis of nontubular carriers (flotillin, Arf6).^[@bib34],[@bib35]^ The depletion of cholesterol by MβCD and Fil has been shown to disrupt the composition of lipid rafts which are therefore unable to localize and segregate proteins and thus to perform endocytosis.^[@bib36]^ All of these pathways are also Gen- and actin dynamic-sensitive.^[@bib37]^

In our experiments, MβCD affected DNA expression the most drastically with clear dose dependence. Gen treatment also strongly impaired gene expression. If one assumes complete inhibition by our treatments, our observations indicate that 50--60% of DNA internalization is mediated by rafts. Gen has been shown to inhibit recruitment of dynamin at the surface of vesicles containing SV40,^[@bib38]^ which could indicate that nonclathrin, but dynamin-dependent endocytosis would be more affected by treatment with Gen (caveolae and IL-2 pathways).

By contrast, inhibitions observed after treatment with Fil, which sequesters cholesterol, were not as pronounced. Fil shows good specificity to raft-mediated endocytosis, however, for the internalization of albumin, it can also greatly inhibit degradation in the multivesicular bodies.^[@bib39]^ If less degradation occurs as well for electrotransferred DNA, more DNA should be available for efficient targeting of the nucleus and expression, which could account for the less drastic effect of Fil in comparison with MβCD and Gen.

An earlier study demonstrated that although the internalization of adeno-associated virus is clearly mediated by the GEEC pathway, it remains sensitive to EIPA.^[@bib40]^ Therefore, EIPA appears to be also a GEEC endocytosis inhibitor. Consequently, a part of the observed diminution in the transfection efficiency after EIPA treatment could be attributed to the involvement of the GEEC pathway in the internalization of electrotransferred DNA.

The lack of specific pharmacological inhibitors is not the only obstacle in discriminating the different raft-mediated endocytosis routes. The predominant raft marker CTB also has low specificity, as it has been implicated in caveolar,^[@bib41],[@bib42],[@bib43],[@bib44],[@bib45]^ noncaveolar,^[@bib46],[@bib47]^ flotillin-dependent^[@bib48]^ and the dynamin-independent GEEC pathway.^[@bib46]^ Our colocalization study between DNA and CTB revealed about 50% of shared subcellular structures, which probably reflects the contributions of several of the raft-mediated pathways (caveolin, flotillin, GEEC, IL-2, and Arf6) to DNA internalization.

As noted in the previous section, there is strong evidence for the participation of actin and dynamin during DNA internalization,^[@bib17],[@bib19],[@bib21]^ which additionally implicates the involvement of raft-mediated endocytosis. Recent work has demonstrated long-lasting inhibition of DNA electrotransfer in mouse muscle after MβCD treatment, which intimates that *in vivo* administration of MβCD yields comparable results to those described in the present study.^[@bib18]^

Macropinocytosis of DNA
-----------------------

The first indication for induction of macropinocytosis in electroporated cells derived from observations of electric field induced ruffling and blebbing of the plasma membrane.^[@bib12],[@bib13],[@bib49]^ Studies exploring the electrotransfer of proteins into cells also suggested a macropinocytosis-related mechanism of internalization.^[@bib12],[@bib13],[@bib50]^ The work presented here suggests that electrotransfer of plasmid DNA partially relies on the same principles.

Wort and EIPA both significantly decreased DNA transfection efficiency, with Wort showing a clear dose dependence. EIPA has been used as the main diagnostic test to identify macropinocytosis, since it inhibits Na^+^/H^+^ exchangers that are very important for this endocytic process.^[@bib51],[@bib52],[@bib53]^ The inhibitory effect of EIPA in our experiments was not dose dependent for either transfection efficiency or level, which can indicate that all macropinocytosis events were suppressed and that this pathway accounts for 30--35% of the total amount of DNA engulfed inside cells. It is important to note, though, that because EIPA might also inhibit the GEEC pathway,^[@bib40]^ part of the decrease in DNA expression we observed following EIPA treatment could instead be related to raft-dependent GEEC endocytosis.

Wort inhibits phosphoinositide 3-kinases, which are responsible for the formation of lipid microdomains in membrane ruffles and the dynamics of the macropinocytic cups.^[@bib54]^ A previous study has shown that 70-kDa dextran labels predominantly macropinosomes in control cells, and that Wort treatment eliminates endocytosis of 70-kDa dextran.^[@bib54]^ Smaller probes (3-kDa dextran or lucifer yellow), on the other hand, could label both macro- and micropinosomes of control cells, and after Wort treatment, only small vesicles were labeled. Therefore, the decrease in uptake of fluid-phase probes by inhibitor-treated cells reflects a selective effect of Wort on macropinocytosis and reciprocally the strong selectivity of 70-kDa dextran for probing this pathway. As for EIPA, the highest concentration of Wort we used yielded DNA expression efficiency of 65% relative to the control cells, indicating that macropinocytosis would represent 35% of the internalization routes of electrotransferred DNA. Our second line of experiments yielded 30% of colocalization between DNA and 70-kDa dextran, which agrees well with the percentage estimated from our inhibition experiments. Nonetheless, the calculated percentage was probably slightly overestimated since the GEEC pathway involves the formation of large vesicles as well, which could also engulf 70-kDa dextran. This possibility is supported by our observations of partial colocalization between 70-kDa dextran and CTB that occurred mainly in large vesicles (**Supplementary Figure S1**).

Our work, together with previous studies, shows that DNA electrotransfer fulfills many of the conditions defining macropinocytosis:^[@bib55]^ electroporation induces membrane ruffles and blebbing,^[@bib12],[@bib13],[@bib49]^ electrotransferred DNA colocalizes with the fluid-phase marker 70-kDa dextran, and gene expression is significantly reduced by inhibition of PI3K (Wort), Na^+^/H^+^ exchangers (EIPA), actin and microtubules dynamics (latrunculin B, jasplakinolide, nocodazole, and taxol),^[@bib19],[@bib21]^ and dynamin (dynasore and perhaps Gen).^[@bib17]^ In addition, the decrease in gene expression associated with MβCD treatment can partially reflect the contribution of macropinocytosis, because MβCD can interfere with both the formation of membrane ruffles and macropinosomes at the plasma membrane.^[@bib55],[@bib56]^ Based on our analysis, we conclude that macropinosomes represent about 25% of the DNA aggregates visible in cells.

DNA aggregates are routed to the endosomal trafficking
------------------------------------------------------

DNA was found in significant amounts in all four types of vesicles that we have assessed, namely in early, late, and recycling endosomes, and in lysosomes. These results indicate that DNA is engulfed into vesicles during its transport through the cytoplasm and that it follows the classical intracellular trafficking routes.^[@bib26],[@bib57]^ One should note that endosomal trafficking comprises a continuum of vesicles shuttling between compartments. Although the utilized molecular markers undoubtedly distinguish these compartments, they can also partially and transiently overlap.^[@bib58]^ Early endosomes represent the organelles where the primary endocytic vesicles of almost any nature deliver their content and membranes.^[@bib51]^ Given our demonstration that most DNA aggregates are endocytosed, we expected to observe DNA in Rab5 vesicles and indeed the sum of the correlation and colocalization percentages indicated that about 70% of internalized DNA is located in such structures. This confirms that DNA internalization mainly occurs via endocytosis and that the next predominant step of delivery is its passage through early endosomes. Some primary vesicles such as GEEC ones can be found in Rab5-negative early endosomes.^[@bib59]^ It is therefore possible that some of the DNA is present in such organelles.

The content of early endosomes can proceed via several routes, *e.g.*, it can be recycled directly to the plasma membrane or via the recycling endosomes^[@bib60]^ and it can undergo further trafficking in endosomal vesicles by passing through maturating and late endosomes. Alternatively, it can also be transported to the Golgi.^[@bib59]^ Our experiments indicate that a substantial fraction of internalized DNA (50%) is directed to the recycling endosomes. However, Rab11 can be found in Rab5 organelles,^[@bib58]^ which suggests that some of the DNA colocalizing with Rab11 can still reside in early endosomes. Recycling is used to relocalize, for example, receptors to the plasma membrane. Since during its electrophoresis, DNA is inserted into the plasma membrane, the cell machinery may sort DNA in the same way as for a receptor.

The correlation and colocalization of DNA with Rab9 showed that it is further trafficked into late endosomes. Rab9 also characterizes vesicles shuttling between late endosomes and Golgi or lysosomes. We found that \~30% of DNA coincided with Rab9. However, it should be considered that the data were recorded between 15 minutes and 1.5 hours after gene electrotransfer. It is possible that observations taken at a later time would reveal elevated presence of DNA in Rab9 structures. The fact that we found much higher amounts of DNA colocalizing with Lamp1 may also reflect that more than 30% of DNA might pass by late endosomes. The fusion of a late endosome with a lysosome generates a transient hybrid organelle, the endolysosome, in which active degradation already takes place.^[@bib58]^ Endolysosomes contain both Rab9 and Lamp1 proteins in their membranes while lysosomes contain only Lamp1. Large amounts of DNA localized to (endo)lysosomes, as from 1 to 2 hours after gene electrotransfer \~60% of DNA colocalized with Lamp1. This means that, as is the case for other nonviral methods, plasmids are lost in significant quantities in lysosomes. Several reviews mention the possibility of vesicles shuttling between lysosomes and the Golgi or the ER, which would give the endocytosed DNA a last chance to escape degradation.^[@bib51],[@bib58]^

We have found that the majority of internalized DNA aggregates undergo endosomal trafficking. During the maturation process, endosomes move toward the perinuclear space along microtubules. Moreover, Rab proteins are believed to act as receptors for motor proteins either via a direct interaction or through intermediary proteins.^[@bib61]^ We have recently shown that DNA aggregates are actively transported along actin filaments and microtubules.^[@bib21]^ Electrotransferred DNA exhibited the typical motion of endosomes or other cargo with intermittent phases of active transport and diffusion. Endosomal trafficking of DNA allows it to travel through the cytoplasm in an efficient manner and to remain relatively well protected from cytosolic enzymes. However, if DNA does not escape from endosomes before reaching lysosomes, it is probably lost for gene expression. DNA in recycling endosomes is also most likely lost for the purposes of transfection. The development of strategies fostering the efficient escape of DNA from late endosomes and lysosomes, therefore, appears to be an important step in the improvement of gene-transfer methods based on electroporation.

Conclusion
----------

After electroporation, the transport process of DNA from the plasma membrane to the nuclear envelop appears to be very similar to that observed for other nonviral and viral-based delivery methods (**[Figure 7](#fig7){ref-type="fig"}**). DNA aggregates, which are rapidly formed at the plasma membrane, are endocytosed by numerous endocytic pathways (**[Figure 7](#fig7){ref-type="fig"}**, steps 1--4). Since many different endocytic inhibitors decrease DNA expression, endocytosis in general appears to be crucial for gene expression after electrotransfer. Correlation and colocalization of DNA with various endosomal markers clearly shows that electrotransferred DNA is routed through the different endosomal compartments (**[Figure 7](#fig7){ref-type="fig"}**, step 5). An important step for future work is the investigation of putative endosomal escape (**[Figure 7](#fig7){ref-type="fig"}**, step 6), which is critical for successful gene expression.

Materials and methods
=====================

*Cell culture.* The wild-type (Toronto strain) CHO were grown in Eagle\'s minimum essential medium supplemented as described in Ref. [@bib21]. Cells were subcultured every 2--3 days and incubated at 37 °C in a humidified atmosphere with a 5% CO~2~ incubator.

*Plasmids.* pEGFP-C1 plasmids (Clonetech, Palo Alto, CA) were prepared from transformed DH5α *Escherichia coli* using the Maxiprep DNA purification system according to manufacturer instructions (Qiagen, Chatsworth, CA). For microscopy experiments, the plasmids were covalently stained with Cy5 or Cy3 dye using the Label IT Nucleic Acid Labeling Kit (Mirus, Madison, WI) according to manufacturer instructions. The plasmid constructs pEGFP-Rab5, pEGFP-Rab9, pEGFP-Rab11, and pEGFP-Lamp1 were kindly gifted by Prof. Dr. C. Hauck (University of Konstanz, Germany) and prepared as described above.

*Pharmacological inhibitors.* Incubations were performed for 1 hour prior to the application of the electric field at 37 °C. CPZ (1--50 µmol/l) and MDC (50--200 µmol/l) inhibit clathrin-mediated endocytosis (resp. Enzo Life Sciences, Farmingdale, NY and Sigma-Aldrich, St-Louis, MO). Gen (50--200 µmol/l) and Fil (0.1--2.5 µmol/l) affect raft/caveolin-mediated endocytosis (resp. Enzo Life Sciences and Sigma-Aldrich). EIPA (10--100 µmol/l) and Wort (0.02--0.5 µmol/l) alter macropinocytosis (Enzo Life Sciences). MβCD (1--5 µmol/l), as a cholesterol sequester, can inhibit clathrin-, raft/caveolin-, or any other cholesterol dependent-mediated endocytosis (Sigma-Aldrich). These concentrations were chosen based on cell viabilities (higher than 60%).

*Endocytic markers.* Alexa Fluor 647-Tf (Molecular Probes-InvitroGen, Carlsbad, CA) was used to test for the clathrin-mediated endocytosis pathway, Alexa Fluor 647-CTB (Molecular Probes-InvitroGen) to test for the caveolin/raft-mediated endocytosis pathway and rhodamine-(70-kDa)-dextran (Molecular Probes-InvitroGen), to quantify fluid-phase endocytosis. 24 hours prior to electroporation, 2 × 10^5^ cells were cultured on Lab-Tek II slides (Nunc, Roskilde, Denmark). The cells were incubated at 4 °C for 30 minutes to inhibit any endocytic process. Subsequently, the cells were pulsed in 300 µl pulsation buffer containing 1 µg Cy3- or Cy5-labeled DNA using 10-mm length plate electrodes. Five minutes after electroporation, the pulsation buffer was removed and ice-cold culture medium containing the endocytic marker (50 µg/ml Tf or 1 µg/ml CTB or 500 µg/ml dextran) was added. The cells were incubated at 4 °C for another 30 minutes to allow for the endocytic marker to interact with the plasma membrane without endocytosis taking place. Afterward, the cells were incubated for 15 min at 37 °C to induce endocytosis.

*Electroporation procedures.* Electric fields were applied with the ElectroCell S20 electropulsator (βtech, Toulouse, France) delivering square-wave electric pulses. The pulse parameters: amplitude, duration, number, and frequency were controlled independently and monitored using an oscilloscope (HM1507-3, HAMEG GmbH, Frankfurt, Germany). For DNA electrotransfer into CHO cells, the optimal parameters are 10 pulses of 5 ms at 1 Hz frequency with electric field strengths between 0.4 and 0.8 kV/cm.^[@bib10]^ Two stainless-steel electrodes (parallel plate electrodes of 10-mm length), with an interelectrode distance of 5 or 10 mm, were used respectively for the electroporation of suspended or adherent cells. Electric fields were applied in a pulsation buffer (10-mmol/l K~2~HPO~4~/KH~2~PO~4~, pH 7.4, 1-mmol/l MgCl~2~, 250-mmol/l sucrose) in which cells were kept for few minutes after the application of the electric field to allow for membrane resealing. For gene expression experiments, 3.5 × 10^4^ cells were cultured on coverslips (Thermanox, Nunc, Roskilde, Denmark) deposed in 24-well plates (Corning Inc., Corning, NY) and pulsed in the presence of 2 µg of pEGFP-C1 in 200-µl pulsation buffer. The electric field strength was 0.4 kV/cm.^[@bib10]^ For microscopy experiments, 2.5 × 10^5^ cells were cultured on 22 × 22-mm chambered coverglass (Lab-Tek II, Nunc, Roskilde, Denmark) and pulsed at 0.4 kV/cm in the presence of 1 µg Cy5- or Cy3-labeled pEGFP-C1 in 300-µl pulsation buffer. For the dual-color experiments, cells were transfected 24 hours beforehand in suspension with the EGFP-tagged proteins (10^6^ cells in 100-µl pulsation buffer containing 2-µg plasmid). The strength of the electric field was 0.6 kV/cm.

*Gene expression procedure.* 3.5 × 10^4^ cells were deposed as a spread drop of 50 µl on a 13-mm diameter coverslip (Thermanox) that matched the size of the electrodes (10 × 10 mm) and was laid down in a 24-well plate. After cell adhesion (20 minutes at 37 °C), 1 ml culture medium was added and the cells were cultured for 24 hours. Drug incubations were performed 1 hour before the application of the electric field at 37 °C. Electric fields were applied as described in the electroporation procedures section. After 24 hours, the samples were analyzed by flow cytometry (FACScan, Becton Dickinson, Franklin Lakes, NJ) via the FL1 channel (510 nm ≤ *λ*~em~ ≤ 540 nm) to evaluate both the percentage of EGFP fluorescent cells (transfection efficiency) and the mean level of fluorescence associated with them (transfection level). All values were normalized in relation to the control cells, which were transfected but not treated with drugs. Only viable cell populations were analyzed to not take into account the cell mortality due to the drug treatment and the application of the electric field.

*Fluorescence microscopy.* Two solid state lasers, 491- and 561-nm wavelength, (Cobolt Calypso 491 nm and Cobolt Jive 561 nm, 75 mW, Cobolt AB, Stockholm, Sweden) and a 658-nm diode laser (HL6535MG 658 nm, 90 mW Hitachi, Thorlabs, Newton, NJ) were used as light sources. Laser beams were first coupled into a multimode fiber (0.22 ± 0.02 NA, Optronis GmbH, Kehl, Germany), and then into an 100×/1.4 NA oil immersion objective (HCX PL APO, Leica Microsystems GmbH, Wetzlar, Germany) mounted on a Leica DMI 6000B inverted microscope equipped with a heating stage connected to a temperature controller set to 37 °C. Dual band dichroic mirrors were used according to the desired wavelength (z 488/658, z 561/660, Dual Line Beamsplitter, Semrock, Rochester, NY). A fast switching filter wheel (motorized fast-change filter wheel, Thorlabs) containing the emission filters was placed between the microscope and the cooled EMCCD (electron multiplier CCD) camera (Andor iXON, Andor Technology PLC, Belfast, Ireland). The fluorescence emitted from blue labels (*e.g.*, EGFP) was selected using a band-pass filter (BrightLine HC 538/25, Semrock). The fluorescence emitted from the green labels (*e.g.*, Cy3, rhodamine) was selected using a long-pass filter (Raman emitter RU 568, Semrock) or a band-pass filter (BrightLine HC 593/40, Semrock). The fluorescence emitted from the red labels (Cy5, Alexafluor 647) was selected using a long-pass filter (Raman emitter RU 664, Semrock) or a band-pass filter (BrightLine HC 694/40, Semrock). Each pixel represented 54 nm of the sample. Time series of 200 frames for each color were recorded with 100 ms exposure time and with 100 ms delay to switch the filters placed in the motorized wheel.

*Colocalization analysis.* Particle tracking was performed using Imaris 7.2 software (Bitplane AG, Zurich, Switzerland). The positions were determined for each frame of the movie stack via the "spots objects" option and the trajectory paths were constructed using the autoregressive motion algorithm. Dynamic colocalization is defined as correlation between the trajectory positions. The trajectories were analyzed with a previously established dynamic colocalization algorithm.^[@bib25]^ The Pearson correlation coefficient was calculated for the each position coordinates of the trajectories in both channels, in both the *x*- and *y* directions. If the value exceeded a certain threshold (0.45), in both the *x*- and *y* directions, the two trajectories were considered to be correlated. Uncorrelated trajectories were then analyzed based on static colocalization. If the standard deviation of their position coordinates was below 500 nm, in both the *x*- and *y* directions, the center of each trajectory was determined as the mean position. If the distance between the center of the first channel trajectory and that of the second channel trajectory was below 250 nm, in both the directions, the corresponding trajectories were considered to be colocalized.

*Statistical test.* Error bars represent the standard error of the mean. The statistical significance of differences in gene expression efficiency (percentage of transfected cells and their mean fluorescence level) between the control and drug treated cells was evaluated by the nonparametric Mann--Whitney--Wilcoxon test. The degree of significance is given with these following labels: \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001.

[**SUPPLEMENTARY MATERIAL**](#sup1){ref-type="supplementary-material"} **Figure S1.** Colocalization between 70-kDa dextran and transferrin or cholera toxin B.
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![**Gene expression in CHO cells after treatment with different endocytic inhibitors**. EGFP reporter gene expression was measured using flow cytometry 24 hours after separate treatment of CHO cells with different concentrations of methyl-beta-cyclodextrin (MβCD), wortmannin (Wort), ethyl-isopropyl-amiloride (EIPA), chlorpromazine (CPZ), monodansylcadaverine (MDC), filipin (Fil), and genistein (Gen). Incubations were performed 1 hour before the application of the electric field (10 pulses at 0.4 kV/cm, 5 ms and 1 Hz) in the presence of pEGFP-C1 plasmid DNA. (**a**) Percentage of fluorescent cells (transfection efficiency) and (**b**) mean fluorescence intensity (transfection level) (mean + SEM, *n* = 5--7). Controls represent transfected, but otherwise untreated cells. \**P* \< 0.05 (dotted line), \*\**P* \< 0.01 (dashed line), \*\*\**P* \< 0.001 (solid line)](mtna201559f1){#fig1}

![**Colocalization of DNA with several endocytic markers**. Transferrin highlights the involvement of clathrin-mediated endocytosis, cholera toxin B the participation of caveolin/raft-mediated endocytosis, and 70-kDa dextran the contribution of fluid-phase endocytosis. DNA was electrotransferred into CHO cells via the application of 10 electric pulses of 5 ms at 1 Hz and 0.4 kV/cm. Images were taken sequentially using wide-field microscopy. (**a**) Cy3-DNA (green), Alexa fluor 647-transferrin (red) and merge of the two channels, (**b**) Cy3-DNA (green), Alexa fluor 647-cholera toxin B (red) and merge of the two images, and (**c**) Cy5-DNA (red), rhodamine-(70-kDa)-dextran (green), and merge of the two channels. **a--c**, Bar = 5 µm.](mtna201559f2){#fig2}

![**Quantification of the colocalization of DNA with three different endocytic markers**. Quantification was performed using the overlap approach.^[@bib24]^ The analysis of more than 100 cells with each endocytic marker gave the percentages shown in the graph.](mtna201559f3){#fig3}

![**Examples of trajectories visualized through the analysis program**. Trajectories in green represent endosomal proteins fused with EGFP, and trajectories in red correspond to Cy5-labeled DNA. (**a**) Rab5 and DNA trajectories exhibited long-range active transport, and their motions are correlated. (**b**) Lamp1 and DNA trajectories did not correlate, most likely due to the diffusion mode of motion. Assuming DNA inside the vesicle and the Lamp1/Rab protein into the membrane, each particle has a certain degree of freedom that superimposes with the inherent noncorrelation of random walks. However, these trajectories were detected as colocalized.](mtna201559f4){#fig4}

![**Dual-color SPT of DNA and endosomal proteins in CHO cells after electroporation**. Cy5-labeled DNA was electrotransferred into CHO cells separately expressing EGFP-Rab5, Rab11, Rab9, and Lamp1 plasmid constructs. Using a wide-field microscope, time series were recorded sequentially with a delay of 200 ms between the two channels. Using dual-color SPT, we visualized the respective movements of the objects. Correlated trajectories are highlighted in orange (DNA) and light purple (EGFP-markers), colocalized trajectories are drawn in blue (DNA) and pink (EGFP-markers) and the noncorrelated and noncolocalized trajectories are in red (DNA) and green (EGFP-markers). (**a**) DNA in early endosomes (Rab5), (**b**) DNA in recycling endosomes (Rab11), (**c**) DNA in late endosomes (Rab9), and (**d**) DNA in lysosomes (Lamp1). **a--d**, Bar = 5 µm](mtna201559f5){#fig5}

![**Quantification of the correlation and colocalization between DNA aggregates and endosomal membranes in CHO cells**. Cy5-labeled DNA was electrotransferred into CHO cells separately expressing EGFP-Rab5, Rab11, Rab9, and Lamp1 plasmid constructs. After dual-color time lapse recording and SPT analysis, trajectories were tested for correlation and colocalization. The stacked histogram shows the percentage of DNA trajectories that correlated (black) or colocalized (gray) with the trajectories of the mentioned proteins.](mtna201559f6){#fig6}

![**Schematic representation of the mechanism of DNA electrotransfer**. During the application of the electric field, (**1**) the plasma membrane is permeabilized (orange), (**2**) DNA is electrophoretically pushed onto the cell membrane side facing the cathode, which results in (**3**) DNA/membrane interactions. DNA aggregates are inserted into the membrane and remain there for about 10 minutes. After the application of the electric field and resealing of the membrane (yellow), (**4**) DNA is internalized by endocytosis with the following approximate contributions: 50% caveolin/raft-mediated endocytosis (caveolin/raft-ME), 25% macropinocytosis, and 25% clathrin-mediated endocytosis (clathrin-ME). (**5**) While being actively transported in the cytoplasm, DNA aggregates pass through the different endosomal compartments. Between 15 minutes and about 1.5 hours after the application of the electric field, on average, 70% of the DNA aggregates are in early endosomes, 50% in recycling endosomes, and 30% in late endosomes. Between 1 and 2 hours after DNA electrotransfer, 60% of the DNA aggregates are in lysosomes. For gene expression to occur, (**6**) DNA must escape from endosomal compartments. This most likely occurs from early or late endosomes (solid line arrow) but it may also be possible from recycling endosomes and lysosomes (dashed line arrow).^[@bib58],[@bib59]^ Once in the perinuclear region, (**7**) DNA must cross the nuclear envelope to be finally expressed and (**8**) yield proteins released into the cytoplasm.](mtna201559f7){#fig7}
